In a large number, probably the majority, of Bryophyta the antheridium on dehiscence under water discharges the spermatocytes in a mass. This mass is pushed out by a liquid which accumulates in the base of the antheri dium. On reaching an air-water surface the spermatocytes spread apart rapidly and form a layer on the surface in which they are regularly spaced apart. This surface spread is evidently correlated with the presence of fat in the spermatocyte mass. This fat lowers the surface tension and causes the spreading. In Sphagnum and some liverworts where surface spreading does not occur fat has not been detected in the spermatocyte mass.
Introduction
Since 1851, when Thuret described the antheridia of various Cryptogams and their mode of dehiscence, much has been written about the develop ment, structure and mechanism of the Bryophyte antheridium. Relatively few observations have been made of the manner in which its contents are dispersed and fertilization effected. The phenomena, however, which have recently been observed by us indicate that the mechanism of discharge and dispersal of the contents are of a complex and varied character, and while we are able to put on record some interesting observations it is clear that there are several directions in which research might be pursued on the physiology of these processes.
Previous work has shown that there are considerable differences in the way in which the antheridium dehisces and the contents distributed. To take for example Fimbriaria; Pierce (1902) showed that the contents of the antheridium were explosively discharged into the air, and Cavers (1903) observed the same behaviour in Conocephalum (Fegatella). The mass of spermatocytes in these two plants is thrown to a height of several centi metres from the male plant. In contrast to this, in Sphagnum, the apex of the antheridium opens and the membranes of the spermatocytes thus exposed immediately rupture and liberate the free-swimming sperms. In Sphagnum, therefore, the transport of the sperm to the archegonium must be effected by the activity of the sperm itself. Gayet (1897, p. 229) showed that in dioecious mosses fertilization may be effected by the transport of male gametes on insects or by the splashing of rain. HarveyGibson & Miller-Brown (1927) have recorded the different types of insects and mites found in the perichaetial cups and archegonial branches of Polytrichum, and observed that there were spermatocytes entangled in the hairs of these creatures. If the transport of sperms depends on the acci dental adherence of free-swimming sperms to the legs of insects crawling over the perichaetial cups it is difficult to understand how it is so effective. If a hair is dipped into water in which there are suspended particles and withdrawn, very few if any of the particles will be found sticking to the hair.
Free-swimming sperms have a very limited range of action unless their movements are controlled by chemotaxy; indeed, Showalter (1926, p. 701) has shown that while the spermatozoids of Aneura pinguis retain their motility for as much as 6 hr. at a temperature of between 20 and 25° C, they may travel but a very short distance from their point of liberation. He observed that if a large number of sperms were placed at one end of a small pool of water 1 cm. long and 0*5 cm. wide they were, with the excep tion of one or two individuals, still crowded at the end of the pool an hour later.
Taken alone, these phenomena appear to give a very unsatisfying explanation of how the sperms manage to pass from an antheridium to an archegonium which may be situated at some distance from it, and how such abundant crops of sporogonia are produced on the female plants of dioecious mosses.
Some years ago the senior author observed that when the mass of sper matocytes protruded from a ripe antheridium of Mnium hornum L. and was kept completely submerged in water the mass retained its coherence for several hours; in fact, neither the separation of the spermatocytes nor the liberation of free-swimming sperms was observed under these con ditions. If, however, the spermatocyte mass was allowed to touch the free surface of the water the part of the mass actually in contact with the airwater surface immediately broke up and the spermatocytes were spread in a rapidly expanding film on the water surface. This observation led to wider investigations with the collaboration of the junior author in 1940.
The results of our investigations show that the surface distribution of spermatocytes is of widespread occurrence in the Musci and Hepaticae and is probably one of the most important factors ensuring fertilization. The dehiscence of the antheridium and the dispersal of the spermatocytes in Mnium hornum L. will be described first, as this moss is of common occur rence and its relatively large antheridia and perichaetia afford excellent material for experiment.
D ehiscence of the antheridium and the dispersal of THE SPERMATOCYTES IN
Mnium hornum L. is dioecious and the male and female plants as a rule form distinct cushions in moist shaded localities on the soil or on fallen tree trunks. Antheridial shoots differ from female and sterile shoots in their reflexed perichaetial leaves which form a distinct rosette. In normal seasons in the Glasgow district some antheridia mature in May and there is a succession of antheridia reaching maturity until the beginning of July. The ripe antheridia discharge their contents in wet weather. If this is fol lowed by a dry spell the perichaetial leaves present a glistening appearance. This is due to some of the material discharged from antheridia drying and forming a film on the upper surfaces of the perichaetial leaves. This glisten ing appearance may persist right through the winter, and by it the male plants may be distinguished from the female at a distance of several yards.
If a drop of water* is placed in an antheridial cup in which there are mature antheridia dehiscence takes place in about 4 min. If the cup is viewed from above by means of a binocular microscope, small whitish cylindrical threads are seen to emerge from the bottom of the cup and slowly lengthen until they reach the surface of the water. When they reach the surface they may become less distinct owing to the spread of some of their substance over the surface of the drop.
If mature antheridia are dissected out and mounted separately in water on a slide under a coverslip and observed with a microscope the process of dehiscence can be followed in detail. As has already been observed by Goebel (1898) the antheridial wall is composed of a single layer of tabular cells containing chloroplasts. The apical or cap cell is roughly cubical and contains widely spaced chloroplasts. The chloroplasts in the antheridial wall tend to turn to a brown or orange colour when the antheridium is senescent. In the mature antheridium the mass of spermatocytes does not always fill the space within the wall, and there is sometimes a space containing a colourless fluid between the proximal end of the spermatocyte mass and the base of the antheridium.
When placed in water the inner surfaces of the outer walls of the cap cell swell, owing to their mucilaginous nature, and the contents of the cell are forced inwards. The inner wall then bursts inwards and the whole content of the cell, including the chloroplasts, is forced on to the top of the spermatocyte mass. This phenomenon has been recorded by Goebel (1898) and, as he suggested, is probably due to the pressure set up in the cell owing to the taking up of water by the inner, mucilaginous layers of the outer wall of the cap cell. These layers stain intensely with methylene blue. The cap cell now appears clear and highly refringent.
A short time after these changes have taken place the outer wall of the cap cell is ruptured and the contents of the antheridium stream steadily through the perforated cap cell. The spermatocyte mass protrudes as a sausage-shaped mass into the water. The diameter of the perforation is about a quarter of the diameter of the spermatocyte mass inside the antheridium. The free part of the spermatocyte mass has a slightly greater diameter than the mass inside the antheridium but has approximately the same form when completely extruded. The mass may be completely extruded in from 4 to 10 min. and is seen to consist of spherical spermato cytes held together by a mucilaginous matrix. Tests with methylene blue show that the matrix contains mucilage. Each spermatocyte contains a sperm wrhich moves actively inside the spermatocyte membrane. The motion of the sperms gives the whole extruded mass a shimmering appearance.
As the mass of spermatocytes leaves the antheridium it is evident that the space between the proximal end of the mass and the base of the antheridium becomes filled with a colourless fluid. The nature of this fluid has not yet been discovered. It may be mucilage formed from the wall cells at the base of the antheridium. Whatever its nature it must be the pressure exerted by this fluid which pushes out the spermatocyte mass. The wall of the antheridium is only slightly elastic and extensible because when the antheridium has discharged the spermatocyte mass there is no obvious diminution in the diameter of the antheridium. The water which forms the bulk of this propellent fluid must enter through the living cells of the wall round the base of the antheridium. The steady rate at which the contents of the antheridium are expelled is therefore probably due to the rate at which water passes through these living cells. That the fluid in the antheridium is under pressure is shown by the fact that sometimes when the last of the spermatocyte mass passes through the cap cell there is evidence of a short gush of liquid after it, pushing the whole mass a short distance away from the end of the antheridium ( figure 1, plate 14) .
If the spermatocyte mass is kept completely submerged in water no further changes are observed even after a lapse of several hours, and no free-swimming sperms have been observed. It is evident that the sperms
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are not liberated from the spermatocyte membrane for possibly several hours after the dehiscence of the antheridium. If, however, the experiment is so arranged that the spermatocyte mass reaches the air-water surface, H. Muggoch and J. Walton the mass at its point or points of contact with the surface immediately breaks up and spreads with great rapidity, forming a film over the free surface of the water (figure 6 and figures 1, 2, plate 14).
If this expanding superficial film of spermatocytes is viewed from above (figure 3, plate 14) it can be seen that the spermatocytes behave as if they were repelling one another and at the same time to be connected together by colourless viscous strands of the mucilaginous matrix between them. Jerky movements of the spermatocytes and strands occur owing to the snapping of the strands connecting the spermatocytes. When the mass starts to spread (figure 6) it may be seen that the material forming the strands is aggregated in a number of main strands which break up as the spreading takes place. These main strands must be arranged parallel to one another in the spermatocyte mass inside the antheridium. It is pos sible, although it has not been confirmed, that these strands may correspond to the vertical rows of cells forming the wall of the antheridium. In the later stages of dispersion of the mass the individual spermatocytes are completely separated from one another and have no connecting strands. They are spaced with remarkable regularity over the surface.
It was observed that if only a very small drop of water was used the spermatocyte mass after some undetermined concentration of sperms had been spread on the surface stopped breaking up. It seemed that the surface had become saturated. This was proved by the addition of more water to increase the air-water surface. The rest of the spermatocyte mass then broke up and spread over the larger surface.
Lycopodium powder was dusted on to a water surface over a ripe antheri dium. When the latter dehisced and its contents reached the surface the spores were swept in front of the film of spermatocytes and an area appeared clear from spores surrounding the point where the antheridium was placed. The behaviour of the spermatocyte mass on reaching a free water surface suggested that some substance with a low surface tension might be present in the mass and that the surface spread is comparable to the spread of an oil film on a water surface. Table 1 gives an account of the action of selected reagents on the antheridia and spermatocyte mass in an attempt to dis cover the nature of the agent causing the surface dispersal. The observa tions recorded in the table suggest that fat is present in small quantities in the spermatocyte mass. The tests applied gave no indication of the presence of fat or fatty acid either in the antheridium or sperms.
(a) Polytrichaceae. Bryales Catharinea undulata Web. & Mohr. The antheridia of Catharinea appear to mature slightly later in the season than the other mosses which have been studied by us. The dehiscence of the antheridium and the liberation and surface spread of the spermatocytes follows much the same lines as in Mnium, but the cells of the wall immediately adjacent to the apical cell also discharge their contents inwards before dehiscence occurs. Small highly refringent globules, possibly fat, were observed in the surface film after the discharge. If the dehiscence occurs in a solution of methylene blue the first material to be discharged, presumably the contents of the apical cells, and the apical cell itself are stained deeply.
Poly trichum commune L. As in Mnium the antheridia of Poly trichum are situated in the bottom of a cup formed by the perichaetial leaves. After rain this cup is usually found to contain water. The preliminary stages of dehiscence are like those observed in Gatharinea; the cells which surround the apical cell as well as the apical cell itself have their contents forced inwards before dehiscence of the antheridium occurs. In the subsequent behaviour and the surface spread of spermatocytes this moss is similar to Mnium. Some antheridia, possibly those approaching senescence, dis charge their spermatocytes in clumps at intervals. This behaviour may possibly be due to the existence of clefts filled with fluid which are some times visible, dividing the spermatocyte mass in the antheridium into separate parts.
On testing the antheridia and spermatocyte mass with Sudan III, Sudan IV and Nile blue sulphate there were clear indications of the presence of fat.
Harvey- Gibson & Miller-Brown (1927) give a list of insects and mites found in the antheridial cups of Poly trichum. These writers suggest that these creatures were searching for mucilage. Spermatocytes were found on their bodies.
Polytrichum juniperinum Willd. This moss exhibited the same pheno mena as were observed in P. commune. Tests indicated that fat was present in the sperm mass. Funaria hygrometrica Sibth. The antheridia of Funaria are found in groups surrounded by a cup of perichaetial leaves at the apex of the shoot. Dehiscence takes place into water which collects in the cup. The cells forming the wall of the club-shaped antheridium contain large numbers of chloroplasts which turn bright reddish brown when the antheridium is ripe. In March, ripe antheridia were got from plants growing in a greenhouse. As in Mnium the contents of the cap cell slip through into the antheridial cavity before dehiscence occurs. The clear tip becomes swollen and soon bursts, and the spermatocyte mass flows steadily out.
As it reaches the surface, the spermatocyte mass spreads out in a film as described for Mnium.
On staining the spermatocyte mass with Sudan IV and Nile blue sulphate, a positive reaction for fat was obtained.
(c) Bartramiaceae.
Bartramia pomiformis Hedw. The apical cell and those immediately adjacent discharge their contents inwards before the antheridium dehisces. There is rapid discharge and the spermatocytes spread rapidly and evenly over the surface. Leptobryum pyriforme Wils. This small moss is synoecious. The apical cell and the cells around it discharge their contents inwards. The sper matocyte mass is discharged fairly rapidly and the surface spreading is rapid. Tests indicated the presence of fat in the sperm mass.
Bryum capillare L. When ripe antheridia were placed in a drop of water on a slide, dehiscence could be observed. The tip of the antheridium be comes clear as in Mnium hornum by the expulsion inwards of the contents of the cells at the apex. When the spermatocyte mass is extruded and reaches the water surface, the spermatocytes are spread over the surface.
When the water surface was dusted with Lycopodium powder the film of spermatocytes pushed the powder away from the surface round the antheridium. On testing with Nile blue sulphate positive indications of fat in the matrix and fatty acid in the spermatocytes were obtained.
On three occasions Orbatid mites were found in the antheridial cups. Mnium hornum L. See p. 450. Mnium punctatum L. The discharge of the spermatocyte mass from the antheridium and the surface spread of the spermatocytes was observed to occur in June and July, in the same manner as in M . hornum. The strands connecting the spermatocytes ( figure 4, plate 14) responded to tests for mucilage and traces of fat.
(e) HooJceriaceae.
Pterigophyllum lucens Brid. Natural dehiscence was not observed but the spermatocyte mass was pressed out of an antheridium and surface spread of the spermatocytes was observed. This moss is autoecious. The male and female branches are very short and small and are almost com pletely concealed under the large overlapping complanate leaves.
H. Muggoch and J. Walton * Marchantiales
Conocephalum conicum (L.) Dum. Mature antheridial plants collected in June were placed under a bell jar in a greenhouse for a few days. They were kept moist by being laid on wet sand but no free water was applied to the upper surfaces of the plants. On a sunny morning the bell jar was removed and water was sprayed on to the surface of the plants. Within a few minutes spurts of what appeared to be white spray rose from the antheridiophores. Each spurt lasted for about half a second before it dis persed. The spurt rose vertically and at a height of about 8 cm. the dis integration into spray was complete.
Glass slides were held horizontally over the antheridiophores at heights of about 2*5 and 8 cm., and it was found that the discharged material adhered to them. The spermatocyte mass is evidently ejected with a high initial velocity and breaks up into a spray of small droplets (figure 7). Each droplet consists of liquid containing a number of spermatocytes; the smallest droplet observed adhering to the slides contained five. At a distance of 8 cm. above the antheridium the majority of the droplets contained about fifty spermatocytes. It is possible that the finer droplets had too low a velocity to cause them to adhere.
If water is added to the droplets adhering to the slides the sperms are liberated from the spermatocytes within a few minutes. There is no evidence of surface spreading by the spermatocytes and no appreciable amount of fat appears to be present among them.
Marchantia polymorpha L. The antheridia of M. polymorpha are con fined in narrow cavities which open to the surface on the top of the disk like head of the antheridiophore. When the antheridia are ripe the disk is slightly concave and Strasburger (1869, p. 419) observed that when a drop of water is allowed to fall on it the drop spreads over the surface. The discharge of the antheridia causes the drop to appear milky. He suggested that this water laden with sperms gets splashed by rain on to the female plants. The archegoniophores of the latter have a convex upper surface and water dropped on to them flow^s over the edge of the archegonia which are situated on the under surface.
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• The mechanism of the dehiscence of M . domingensis has been studied by Anderson (1931, p. 66) . She observed the spermatocytes emerging from the antheridium in a long smoke-like column in the water.
We collected material of M. polymorpha in June and found that it behaves in the same way as M. domingensis but we also observed that when the drop was transferred to a glass slide the spermatocyte masses had disintegrated and the spermatocytes were lying separated from one another on the surface of the ^ater. The sperms are liberated in a very few minutes. When only a small drop of water was used the spermatocyte masses did not completely disintegrate but the addition of water com pleted its disintegration. Nile blue sulphate and Sudan III gave positive indications of fat ih the spermatocyte masses.
J unger manniales-Anacrogynae
Pellia epiphylla L. A drop of water was placed on part of a thallus on which antheridia were present. The thallus was then placed in the sunshine. Dehiscence took place in a few minutes. A whitish mass appeared to rise to the surface. The thallus was then inverted on to a slide and the drop of water which adhered to the slide was examined under a microscope. Some of the spermatocyte mass was seen spreading over the surface.
Antheridia were pushed out of the cavities with a needle and placed in a drop of water on a slide. Natural dehiscence of the antheridium was not observed, but if an antheridium was pricked with a needle the contents came out and spread over the surface film.
There were a large number of spermatocytes on the surface of the water and some spermatozoids were swimming freely through the water.
The spermatocyte membrane was more distinct in Pellia than in the spermatocytes of the other Bryophytes examined.
Micro-chemical staining gave rather varied results. Ruthenium red and methylene blue gave positive reaction for mucilage. Sudan III and Sudan IV showed the presence of fat in the mass generally, but Nile blue sulphate reaction was more difficult to obtain but with some material the spermatocyte walls stained pale pink indicating the presence of fat.
Pellia fabbrowiana Raddi. Showalter (1926, p. 704) observed that the discharged ' antherozoids5 of this hepatic float on the surface of water.
Aneura pinguis (L.) Dum. Showalter (1926, p. 694) has described how the ripe antheridium when covered with water produces a small irregular column, like a column of smoke, which rises to the surface of the water, becoming larger in diameter and less definite in outline. It may disperse before it is 1 mm. in length. He describes how the whitish mass became separated into what were evidently the spermatocytes which seemed to repel one another. Jerky movements were seen in the mass. The spermato cytes rose to the surface and floated for a few minutes. The sperms were liberated from the spermatocytes in from 2 to 20 min.
Showalter also discovered that when the surface of the thallus was wetted and brought in contact with a glass slide the antherozoids spread over the glass; he writes, 'this suggests the probability of a phenomenon of surface tension but our observations do not justify any final conclusion upon this question5. Anthocerotales Anthoceros laevis L. Only a small amount of Anthoceros with antheridia was available and a full investigation could not be carried out.
Natural dehiscence was not observed, but when antheridia were allowed to dehisce into a drop of water which was then transferred to a slide and examined microscopically, the spermatocytes could be seen lying in the surface film. The film was allowed to dry on to the slide and stained with gentian violet. The interesting fact was then observed that the spermato cytes were spaced with remarkable regularity over the surface of the water ( figure 5, plate 14) .
A positive reaction for fat was obtained with Sudan III, but no other tests were carried out.
Conclusions

Dehiscence of the antheridium
In a large number of species of mosses the dehiscence of the antheridium is preceded by a bursting inward of the cap cell and in some instances the adjoining cells at the apex of the antheridium. The pressure inside these cells is due to the swelling of the mucilaginous layers on the inner side of their outer cell walls. The contents of these burst cells are discharged on to the top of the spermatocytes.
The outer wall of the cap cell is then ruptured by the pressure exerted by the contents of the antheridium and the sperm mass is extruded as a sausage-shaped mass. The shape and size of the antheridium does not alter appreciably and as fast as the spermatocyte mass moves out a clear colour less fluid accumulates behind it at the base of the antheridium. As the spermatocyte mass expands slightly on emerging from the antheridium it cannot be losing water and the water in the fluid must enter through the cells at the base of the anthcridium. It must be the hydrostatic pressure of the fluid which forces the spermatocyte mass out of the antheridium. The nature of this fluid and the mechanism of its entry into the cavity of the antheridium has not yet been determined.
Dispersal of the spermatocytes
The spreading apart of the spermatocytes on the water surface after the discharge of the antheridial contents is evidently a phenomenon of wide spread occurrence in Bryophyta. With the exception of Sphagnum it has been observed in all the mosses so far investigated. In the liverworts it occurs in Marchantia, Pellia, Aneura and Anthoceros and we have some inconclusive evidence that it occurs in Scapania. It does not occur in Conocephalum.
It is significant that while fat may be detected in the sperm mass of all those species which exhibit the phenomena it cannot be detected in Sphagnum and Conocephalum. It is probable, therefore, that fat is respon sible for lowering the surface tension and causing the spread of the sperma tocytes on the surface. The extraordinary regularity in the distribution of the spermatocytes may be due, as Professor Thomas Alty has suggested to us, to the existence of an electrical charge on the spermatocyte causing repulsion. Experiments are being devised to test this suggestion.
Biological significance of spermatocyte dispersal
In Hepaticae the main effect of this phenomenon is to carry the sper matocytes rapidly away from the antheridium. The speed of this movement is much greater than that of a free sperm. The spermatocytes rapidly cover the surface of the wet thallus, and some are likely to be brought very close to the archegonia on monoecious plants. When the sperm itself is liberated it has probably a very short distance to travel and is within range of chemotactic influence. It would appear, therefore, that the surface spreading of spermatocytes is as important as chemotaxy in ensuring fertilization. In Marchantia and probably some of the other Marchantiales it is possible that rain water splashed from the male plant bears a film of spermatocytes. It is obvious that the surfaces of plants are most likely to be wet and the antheridia discharging spermatocytes when it is raining. In other Marchantiales, e.g. Conocephalum, the violent discharge of sper matocytes in droplets in the form of a fine spray takes the place of surface spread and it is significant that in this type of mechanism no oil is present in the spermatocyte mass and no spreading of the spermatocytes by surface tension occurs.
In many Musci the spreading or cup-shaped form of the perichaetium suggests an adaptation for catching and holding water which is given a surface layer of spermatocytes. This layer may be removed by small insects or by rain but the surface layer is immediately replenished from the undispersed spermatocyte masses remaining. The fact that the antheridia in a perichaetium are usually at different stages of development suggests that over a period of two or three months, whenever water is present, a film of spermatocytes is available for dispersal.
It may be easily demonstrated that in comparison with a suspension, in which the particles are spread throughout the liquid, an arrangement in which the particles are concentrated in the surface layer allows of the removal of a far greater number of particles by an object dipped into the liquid and then withdrawn.
It cannot be said that the sporophytes of Bryophyta and Pteridophyta show much difference in their degree of adaptation to land conditions. It is evident, however, that the gametophytes of Bryophyta, in their method of dispersal of the gametes, are the much better adapted of the two groups to land conditions. In the majority of the Bryophytes use is made of the water surface and of insects for the transport of gametes, while in the Pteriodphyta the gametes are entirely aquatic in character. 
